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Hedgehog (Hh) and Wingless (Wg) morphogens
specify cell fate in a concentration-dependent
manner in the Drosophila wing imaginal disc. Proteo-
glycans, components of the extracellular matrix, are
involved in Hh and Wg stability, spreading, and
reception. In this study, we demonstrate that the
glycosyl-phosphatidyl-inositol (GPI) anchor of the
glypican Dally-like (Dlp) is required for its apical inter-
nalization and its subsequent targeting to the
basolateral compartment of the epithelium. Dlp en-
docytosis from the apical surface of Hh-receiving
cells catalyzes the internalization of Hh bound to its
receptor Patched (Ptc). The cointernalization of Dlp
with the Hh/Ptc complex is dynamin dependent and
necessary for full-strength Hh signaling. We also
demonstrate that Wg is secreted apically in the disc
epithelium and that apicobasal trafficking of Dlp
allows Wg transcytosis to favor Wg spreading along
the basolateral compartment. Thus, Dlp endocytosis
is a common regulatory mechanism of both Hh and
Wg morphogen action.
INTRODUCTION
In vertebrates and invertebrates, tissue growth and patterning is
controlled by molecules called morphogens. Hedgehog (Hh) and
Wingless/Wnt (Wg) morphogens are secreted from a local
source, forming a gradient of activity where target cells adopt
specific cell fates depending on the distance from the source.
Target cells interpret the secreted signal through a complex net-
work of proteins leading to activation of a specific set of target
genes. Powerful systems exist to study morphogen regulation,
such as the limb bud in vertebrates or the wing imaginal disc in
Drosophila. The wing pouch of the disc gives rise to the wing
blade once metamorphosis is completed, and is patterned by
several morphogens such as Wg and Hh. Hh is produced by
the posterior (P) compartment and moves toward the anterior
(A) compartment (Ogden et al., 2004), whereas Wg is expressed
into two rows of cells along the dorsoventral (D/V) axis and
moves toward both the dorsal and ventral compartments
(Cadigan, 2002).712 Developmental Cell 14, 712–725, May 2008 ª2008 Elsevier Inc.Morphogen movement and reception are tightly regulated by
various proteins. Heparan sulfate proteoglycans (HSPGs), which
are components of the extracellular matrix, have been shown to
play a role in morphogen signaling. HSPGs are composed of
heparan sulfate glycosaminoglycan (HSGAG) chains attached
to specific sites on a core protein (Lin, 2004). One type of these
is the glypicans, which are linked to the cell membrane by a
glycosyl-phosphatidyl-inositol (GPI) anchor. There are two glypi-
cans in Drosophila: Dally and Dally-like (Dlp) (Baeg et al., 2001;
Khare and Baumgartner, 2000; Nakato et al., 1995). Understand-
ing the mechanism of action of HSPGs has become increasingly
important following recent data associating both congenital
diseases and cancer to alterations in HSPG function (Blackhall
et al., 2001).
Dlp involvement in the regulation of Wg movement, stability,
and reception has been characterized, although questions about
its mechanisms of action remain unanswered. Indeed, whereas
absence of Dlp near the Wg source increases Wg signaling,
absence of Dlp far from the Wg source decreases the activation
of the Wg pathway (Franch-Marro et al., 2005; Kirkpatrick et al.,
2004; Kreuger et al., 2004). Moreover, overexpression of Dlp
strongly inhibits Wg signaling while stabilizing Wg at the basolat-
eral surface of the receiving cells (Baeg et al., 2001, 2004;
Giraldez et al., 2002). These antagonistic roles of Dlp on the
Wg morphogen beg further investigation to understand how
Dlp influences the activity of Wg.
Little is known about the role of glypicans in the regulation of Hh
activity. Indeed, only genetic analyses of the lack of enzymes in-
volved in the biosynthesis of HSGAG chains (Bellaiche et al.,
1998; Gallet et al., 2003; Han et al., 2004a; Takei et al., 2004;
The et al., 1999) demonstrate that defects in HSGAG chains impair
Hh stability, movement, and reception. Similar results were ob-
tained by studying double mutants for both dally and dlp (Han
et al., 2004b). Furthermore, experiments carried out inDrosophila
embryos and in cell culture suggest that Dlp mayactat the level, or
upstream, of the Hh receptor Patched (Ptc) (Desbordes and San-
son, 2003; Han et al., 2004b; Lum et al., 2003; Yao et al., 2006).
The specific role of Dlp in the regulation of Hh activity has not
been precisely addressed in vivo and therefore remains unclear.
A better understanding of glypican localization and trafficking
in epithelial cells could shed light on how they regulate morpho-
gen activity. Indeed, in vertebrates, GPI-anchored proteins are
mainly targeted to the apical surface of epithelia. GPI proteins
can also be located within a plasma membrane subdomain en-
riched in cholesterol and sphingolipids, called lipid rafts. Such
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Control of Morphogen Trafficking by Dally-likelipid raft localization allows ‘‘lateral’’ association of GPI proteins
with other transmembrane proteins, predicting their future
pathway of endocytosis in a dynamin- and clathrin-dependent
manner. Moreover, at the cell surface, the GPI can be cleaved
by phospholipase C enzymes, resulting in the core protein being
shed into the extracellular space (Chatterjee and Mayor, 2001;
Mayor and Riezman, 2004). All these data encouraged us to in-
vestigate the role of Dlp trafficking in the regulation of Hh and
Wg activities.
First, we demonstrate that Dlp is an Hh target gene upregu-
lated along the anteroposterior (A/P) boundary, and that Dlp is
required only in Hh-receiving cells to allow full-strength activa-
tion of the Hh pathway. We show that Dlp cycles from the apical
surface of the disc epithelium to the basolateral compartment,
where it is more abundant. Dlp is internalized together with Ptc
and Hh in a dynamin-dependent manner and this Dlp internaliza-
tion requires the GPI anchor. Our results suggest that Dlp cycling
facilitates Hh-Ptc internalization, allowing full-strength Hh signal-
ing. Finally, we demonstrate that Dlp is necessary for the apical
uptake of Wg, after which Dlp trafficking from the apical to the
basolateral compartment allows Wg transcytosis. Again, the
GPI anchor of Dlp is necessary for its function in Wg transcytosis
and further spreading along the lateral compartment.
RESULTS
Dlp Is Necessary in Hh-Receiving Cells
and Not in Producing One
Based on the hh-like phenotype observed by Franch-Marro et al.
(2005) in dlp20 homozygote wings (Figure 1B), we chose to
examine in more detail the role of Dlp in Hh signaling. Indeed,
the rare dlp20 homozygote animals reaching adulthood (less
than 1% of homozygote mutant L3 larvae) display a stronger re-
duction of the intervein 3-4 area compared to the overall wing
size (see below). dlp20 homozygote adults also have reduced
rough eyes (data not shown). The anterior wing margin shows
ectopic mechanosensory bristles owing to ectopic Wg signaling
(inset in Figure 1B) (Franch-Marro et al., 2005; Kirkpatrick et al.,
2004; Kreuger et al., 2004). The former phenotype is reminiscent
of a reduction of Hh activity, as the area between veins 3 and 4 is
directly under Hh control (reviewed in Crozatier et al., 2004). This
prompted us to analyze the expression of Hh target genes in the
wing imaginal discs of dlp20 homozygote L3 larvae (up to 5% sur-
vive to L3 stage). Only cells of the A compartment can interpret
the Hh signal because P cells lack both the Hh receptor Patched
(Ptc) and the transcription factor Cubitus interruptus (Ci) which
mediates Hh signaling. Close to the Hh source in the A compart-
ment the patched (ptc) and engrailed (en) genes are upregulated,
whereas far away the target gene decapentaplegic (dpp) is acti-
vated (Ogden et al., 2004). In dlp20 discs, En, Ptc, and dpp were
reduced both in their intensity and width of expression and the
stabilization of Ci was also narrower (Figures 1C–1F; see
Figure S1 in Supplemental Data available with this article online).
These data strongly suggest an involvement of Dlp in Hh signal-
ing. Accordingly, Dlp could be necessary either in Hh-producing
cells, Hh-receiving cells, or in both.
To distinguish between these hypotheses, we randomly gen-
erated mutant clones for dlp20 either in the P or in the A compart-
ment of the wing imaginal disc by mitotic recombination (Xu andDRubin, 1993). dlp20 is a protein null allele, as Dlp staining is
absent from mutant clones (Figures 2A and 2A0 compared to
WT in Figures 3A and 3A0). Large mutant clones in the P compart-
ment did not affect En, Ptc, or dpp expressions in the A compart-
ment (stars in Figures 2A–2B00 and data not shown) or Hh stability
at the apical or lateral side of the Hh-producing cells (Figures
2D–2D00). Nevertheless, all three targets are decreased in A
mutant clones (arrowheads in Figures 2B0, 2B00, 2C0, and 2C00)
although still expressed anterior to narrow clones (arrows in Fig-
ures 2B0, 2B00, and 2C00). This suggests that Hh movement is not
impaired in the absence of Dlp, contrary to what is observed in
the absence of HSGAG or of both Dally and Dlp (Bellaiche
et al., 1998; Han et al., 2004b; Takei et al., 2004). We also ob-
served that small mutant clones as well as the first row of mutant
cells inside larger clones still express the Hh target genes at the
right levels (Figures 2A–2C and data not shown). This observa-
tion suggests that WT neighboring cells can partially rescue
the lack of Dlp in mutant cells, as already proposed by Callejo
et al. (2006) upon analyses of mutant clones for Tout velu/Ext1,
an enzyme required for HSGAG biosynthesis.
Taken together, our findings clearly demonstrate a role of Dlp
exclusively in Hh-receiving cells of the wing imaginal disc.
Dlp Is a Target of Hh Signaling
Analysis of the expression pattern of Dlp suggested that Dlp may
be a target of the Hh pathway. Indeed, Dlp is upregulated in the
first few rows of cells in the A compartment, whereas it is lower in
the P compartment (Figures 3A–3B0). To test directly the possi-
bility that Dlp is regulated by Hh signaling, we examined its
expression in loss- or gain-of-function clones for Hh signaling.
Although in anterior smo mutant clones, in which Hh signaling
is abolished, Dlp level was reduced (Figures 2E and 2E0), Dlp
staining increased in ptc mutant clones in the A compartment
(Figures 2F and 2F0), in which the Hh pathway is highly activated.
Hence, a high level of Dlp at the A/P border is likely dependent on
Hh signaling.
Previously, it was proposed that the low level of Dlp along the
D/V axis is a result of the shedding of Dlp by the activity of the
secreted b-hydrolase Notum (Kreuger et al., 2004), a Wg target
gene expressed in a few rows of cells surrounding the domain
of Wg production (Gerlitz and Basler, 2002; Giraldez et al.,
2002). This shedding of Dlp would allow Wg to spread farther
away. Alternatively, other works (Han et al., 2005; Marois et al.,
2006) have shown that the low level of Dlp along the D/V axis
is because of a downregulation of dlp transcription by the Wg
pathway, and that in absence of Notum, Dlp levels do not
increase (Han et al., 2005).
To investigate whether Notum can alter Dlp levels, we induced
clones of cells overexpressing Notum. Although discs were
badly folded up and smaller, ectopic expression of Notum did
not alter the level of Dlp (Figures 2G and 2G0). Moreover, when
we overexpressed a GFP-tagged form of Dlp, we did not observe
any alterations in its level of expression along the D/V axis (e.g.,
no decrease of the GFP fluorescence; Figure S2A; data not
shown). Hence, we also favor a direct regulation of dlp transcrip-
tion by the Wg pathway, rather than indirect control through
Notum activity. From this, we conclude that Dlp is mainly regu-
lated by two antagonistic signals, Hh and Wg, which increase
and decrease the level of Dlp, respectively.evelopmental Cell 14, 712–725, May 2008 ª2008 Elsevier Inc. 713
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Control of Morphogen Trafficking by Dally-likeFigure 1. Dlp Is Required for Full Hh Signaling in the Wing Imaginal Disc
(A and B) WT (A) and dlp20/dlp20 (B) female wings. Wings from dlp20 escapers display reduced size (27%) and a higher percentage of reduction of the gap between
V3 and V4 (40%; black lines are 27% reduced compared to the black lines in [A]). Several ectopic mechanosensory bristles are also present in dlp20 mutant
(arrows point to these bristles in magnification of [A] and [B] shown in the lower panels).714 Developmental Cell 14, 712–725, May 2008 ª2008 Elsevier Inc.
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Control of Morphogen Trafficking by Dally-likeDlp Colocalizes with Hh and Ptc in Endocytic Vesicles in
Hh-Receiving Cells
To test whether Dlp acts as an Hh coreceptor that is cointernal-
ized with Hh and Ptc, we performed colocalizations in the wing
imaginal disc. Double immunostaining against Dlp and Hh
showed that Dlp colocalized with Hh in large intracellular
vesicles in Hh-receiving cells (circles in Figures 3B and 3B0).
Dlp was also present along the basolateral compartment as pre-
viously described (Kreuger et al., 2004).
To look at the presence of Ptc in the Hh/Dlp vesicles, we over-
expressed GFP-Dlp (that is, fully functional; see below) in Hh-re-
ceiving cells. We detected a strong colocalization between Ptc,
Hh, and GFP-Dlp in large subapical intracellular vesicles (circles
in Figures 3C, 3C0, 3E, and 3E0), whereas more basally, much
fewer large GFP-Dlp/Hh/Ptc-containing vesicles were observed
(circles in Figures 3D and 3D0). To confirm that these large vesi-
cles were of endocytic nature, we performed a live pulse-chase
experiment with the endocytic marker FM4-64. As highlighted by
the circles in Figures 3F and 3F0, large vesicles containing GFP-
Dlp also contained the endocytic marker FM4-64. We found,
however, that GFP-Dlp never colocalized with Hh in large intra-
cellular vesicles without the presence of Ptc, whereas Hh coloc-
alization with Ptc, but without Dlp, was observed (pink arrows in
Figures 3C–3E), suggesting that Dlp was unable to internalize Hh
by itself. Accordingly, we never observed Hh/Dlp colocalization
in ptc mutant clones (data not shown).
To know whether the GPI anchor of Dlp is important for internal-
ization with Ptc and Hh, we analyzed the subcellular localization of
a GFP-Dlp-CD2 variant. We generated transgenic flies carrying
a construct in which the GPI anchor of GFP-Dlp is replaced by
a CD2 transmembrane domain (named GFP-Dlp-CD2) (see
Experimental Procedures; Kreuger et al., 2004). As expected,
GFP-Dlp-CD2 was strongly located at the plasma membrane.
More interestingly, however, it never colocalized with either Ptc
or Hh in intracellular vesicles (Figure 3G). Taken together, our
data show that the GPI anchor of Dlp is necessary for the cointern-
alization of Dlp together with Hh and Ptc in endocytic vesicles.
The GPI Anchor of Dlp Is Required
for Its Function in Hh Signaling
GPI anchors are responsible for the cellular trafficking of the
linked protein and participate in their apical targeting in polarized
cells (see Introduction). Hence, we wanted to know whether the
GPI anchor on Dlp was required for Dlp function in Hh signaling.
Clones overexpressing GFP-Dlp (using the flip-out technique;
see Experimental Procedures) in the A or P compartment did
not change Hh stability (data not shown) or the expression of
Hh target genes (Figures 4A–4A00). Furthermore, overexpression
of GFP-Dlp in the entire P compartment did not impair Hh
spreading (data not shown) and target gene expression
(Figure S2A) or V3-V4 width in the adult wings (Figure S2B), dem-
onstrating that Hh movement was not affected. Similarly, over-
expressing GFP-Dlp-CD2 in the entire P compartment (using
the hhGal4 driver) did not affect the expression of Hh targetgenes in the A compartment (Figure S2C), suggesting that the
ability of Hh to move toward the A compartment is intact.
On the contrary, when Dlp-GFP-CD2 was overexpressed in
clones in A cells, it caused a decrease in Hh target gene activa-
tion in a cell-autonomous manner (Figures 4B–4B00). Hence,
GFP-Dlp-CD2 has a dominant-negative effect in Hh-receiving
cells.
As Dlp is only necessary in Hh-receiving cells, we tried to rescue
dlp20 homozygote animals by expressing either GFP-Dlp or GFP-
Dlp-CD2 inptc-expressing cells using theptcGal4driver.Although
expressing GFP-Dlp in Hh-receiving cells significantly rescued the
reduction of the V3-V4 space observed in dlp20 flies, GFP-Dlp-
CD2 did not (Figure 4H). We confirmed this result by looking at
the expression of the dpp-lacZ reporter gene and Ptc. As
expected, GFP-Dlp was able to rescue dpp-lacZ and Ptc expres-
sion at a level comparable to the wild-type, whereas GFP-Dlp-
CD2 did not (Figures 4C–4G). Interestingly, GFP-Dlp-CD2 did
not enhance the dlp20 phenotype, suggesting that its dominant-
negative effect occurs by titrating the endogenous Dlp action.
Interestingly, we noted that in dlp20 mutant clones, the number
of Ptc vesicles was greatly reduced although the width of
expression was only slightly impaired (compare WT versus mu-
tant cells in insets of Figures 2D0 and 2D00 and Figures S2E and
S2F). A similar observation was made when GFP-Dlp-CD2 was
overexpressed (insets in Figure 4B00 and Figure S2H). Because
dlp20 or GFP-Dlp-CD2-overexpressing animals also have
decreased Hh signaling and neither GFP-Dlp nor GFP-Dlp-
CD2 increased the stability of Hh at the cell surface, we assumed
that Dlp might play a role in the cellular trafficking of Hh and Ptc.
Therefore, we decided to look at the number of Ptc-Hh-contain-
ing vesicles in the first three rows of Ptc-expressing cells in
different genotypes (Figure 4G; Figures S2E–S2J). Accordingly,
overexpressing Dlp rose by 2-fold the number of Ptc-Hh vesicles
compared to WT. Conversely, the number of Ptc-Hh-containing
vesicles was decreased by 6-fold in absence of dlp20. Those
defects can be restored by the expression of the GFP-Dlp trans-
gene but not by the GFP-Dlp-CD2 one (Figure 4G; Figures S2I
and S2J). Finally, we found that GFP-Dlp-CD2 overexpression
significantly decreased the number of Ptc-Hh vesicles
(p = 0.0084; Figure 4G), although slightly.
Hence, our data support the idea that the GPI anchor is
required for Dlp internalization and that it functions in Hh path-
way activation by increasing the amount of Ptc-Hh vesicles.
Rapid Internalization of Dlp from the Apical
Surface of the Epithelium
Because in vertebrate epithelia GPI-anchored proteins are mainly
located at the apical surface of polarized cells, and because Hh is
secreted apically (Callejo et al., 2006; Gallet et al., 2003, 2006), we
expected that Hh and Dlp interact at the apical surface of receiving
cells. Although we did not detect Dlp at the apical surface of the
disc epithelium using conventional immunostaining procedures
(Figures 3B and 3B0), applying an immunostaining technique
enabling the detection of extracellular proteins on live discs (see(C–D00) WT (C) and dlp20 homozygote mutant (D) discs stained for b-gal (reflecting the reporter gene dpp-lacZ) (green) and Ptc (red).
(E and F) Average Ci and En (E) (Figure S1) and Ptc and dpp (F) staining intensity plotted against the number of cells from the A/P boundary in WT or dlp20 wing
imaginal discs. Hh target gene expressions (En, Ptc, and dpp) have a reduced width in the dlp20 mutant discs (C–F). Ci stabilization is also narrowed to no more
than 10 rows of cells (E) instead of the 12–15 rows of cells in WT discs. Discs are oriented anterior left and ventral up in this and the following figures.Developmental Cell 14, 712–725, May 2008 ª2008 Elsevier Inc. 715
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Control of Morphogen Trafficking by Dally-likeExperimental Procedures) allowed us to detect Dlp at the apical
cell surface (Figures 5A–5C0). We also detected higher levels of
extracellular Dlp in the A compartment compared to the P com-
partment (Figures 5A and 5C0), reflecting the upregulation of Dlp
by the Hh pathway (Figures 2E and 2F). Under such conditions,
Figure 2. Dlp Is Exclusively Required in Hh-Receiving
Cells and Is a Target of the Hh-Signaling Pathway
(A–F) Wing imaginal discs bearing loss-of-function (lof) clones
for dlp20 (A–D00) stained for dpp-lacZ (blue in [A]–[C]), Dlp (red in
[A]), En (red in [B]), Ptc (red in [C] and [D]), and Hh (blue in [D]);
for smoIIX43 (E and E0) stained for Dlp (red) and Hh (blue); and
for ptc16 (F and F0 ) stained for Dlp (red) and Hh (blue). (D0
and D00) are confocal sections performed apically (ap, [D0]) or
laterally (lat, [D00]) from the projection shown in (D). Hh in (E)
and (F) delimits the P compartment. Lof clones are marked
by the absence of GFP and the dashed green lines.
(G and G0) Gain-of-function (gof) clones (marked by GFP) over-
expressing Notum stained for Dlp (red). dlp20 is a protein null
allele (A and A0 ) because Dlp labeling is absent in lof clones.
Large lof clones in the P compartment (asterisks in [A], [A’’],
and [B]–[B’’]) did not affect the expression of Hh target genes
in the A compartment like dpp-lacZ (A, A00, B, and B00) or En
(B and B0 ). Anterior dlp20 lof clones decreased in a cell-auton-
omous manner the expression of dpp-LacZ, En, and Ptc (ar-
rowheads in [B0], [B00], [C0], and [C00]), but no wider expression
anterior to the clone was observed (arrows in [B0], [B00], [C0],
and [C00]). Hh was not stabilized nor destabilized in dlp20 lof
clones (D and D00) located in the producing cells. The number
of Ptc-Hh-containing vesicles is reduced in the absence of Dlp
(insets in [D0 ] and [D00]). Dlp is downregulated in smoIIX43 lof
clones (E and E0) and upregulated in ptc16 lof clones (F and
F0) in the A compartment. Gof clones of Notum do not affect
the pattern of Dlp expression (G and G0 ), although the disc is
smaller.
colocalization between Hh and extracellular Dlp at
the apical side of Hh-receiving cells was observed
(arrows and inset in Figure 5C). Therefore, these re-
sults indicate that Hh and Dlp colocalize on the ex-
tracellular, apical cell surface of Hh-receiving cells.
The extracellular labeling protocol was carried
out at 4C to diminish endocytosis, raising the pos-
sibility that under normal temperature conditions
(e.g., between 18C and 25C), Dlp rapidly cycles
from the apical surface. To further investigate this
hypothesis, we overexpressed the GFP-Dlp-
tagged form using the dorsal driver ap-Gal4 and
monitored Dlp endocytosis. As the endogenous
one, ectopic-yielded GFP-Dlp is also detected
strongly at the extracellular apical side of the epi-
thelium and to a lesser extent along the basolateral
compartment (Figures 5D and 5D0). This image was
obtained after incubating live discs 20 min at 4C
with the anti-Dlp antibody before fixation to block
endocytosis. Then endocytosis was restored by
shifting the discs to 22C (see Experimental Proce-
dures). After 1 hr, we observed apical and subapi-
cal internalized vesicles labeled with the extracellu-
larly provided antibody (circles in Figures 5E and
5E0; Figure S3). The first internalized vesicles
were observed 30 min after shifting to 22C (data
not shown). Ninety minutes after endocytosis was restored, al-
most all the extracellular Dlp was relocalized from the apical
side to the basolateral compartment of the cells (Figures 5F
and 5F0). These results show that Dlp is rapidly internalized
from the apical side of the disc epithelium as outlined by the716 Developmental Cell 14, 712–725, May 2008 ª2008 Elsevier Inc.
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Control of Morphogen Trafficking by Dally-likeFigure 3. Dlp Colocalizes with Both Ptc and Hh in Endocytic Vesicles
(A–B0) WT wing imaginal discs stained for Dlp (red) and Hh (green).
(C–E0) ptc-Gal4 > UAS-GFP-Dlp or (G) ptc-Gal4 > UAS-GFP-Dlp-CD2 imaginal discs raised at 25C stained for Ptc (blue) and Hh (red).
(B, B0, E, E0, and F) Z confocal cross-section with apical (ap) up.
(F and F0) ap-Gal4 > UAS-GFP-Dlp live discs incubated with the endocytic marker FM4-64 (red).
(A–G) Dlp is upregulated in the A compartment (A–B0) and colocalized with Hh in punctate structures (circles in [B]). Dlp is also present along the basolateral (bl)
compartment (B and B0). GFP-Dlp also showed subapical (sub-ap) vesicular staining and lateral (lat) membrane staining (C–E0). GFP-Dlp strongly colocalized with
Ptc and Hh in punctate structures (circles in [C]–[E0]), especially at the subapical level. These large GFP-Dlp-containing structures are endocytic by nature as
shown by the colocalization with the endocytic marker FM4-64 (F and F0 ). Hh and Ptc colocalize independently of the presence of GFP-Dlp (pink arrows in
[C]–[E]). GFP-Dlp-CD2 is located at the plasma membrane of the cells (G) and never colocalized with Ptc and Hh in endocytic vesicles (pink arrows in [G0]).graph (Figure 5G), summarizing the kinetics of Dlp endocytosis
(Figures 5D–5F).
To confirm this, we blocked endocytosis by expressing a dom-
inant-negative form of Shibire (ShiDN) (Moline et al., 1999), the
Drosophila homolog of dynamin, which is involved in clathrin-
and caveolin-dependent mechanisms of endocytosis (Praefcke
and McMahon, 2004). As expected, expressing ShiDN promoted
extracellular Dlp accumulation at the apical surface of cells (Fig-
ures 5H–5J0), but at the expense of basolateral staining (arrow-
heads in Figure 5I0). Taken together, our data demonstrate
that once Dlp reached the apical surface of the epithelium, it is
rapidly internalized through dynamin-dependent endocytosisDand redirected to the basolateral compartment where it accumu-
lates.
If Dlp endocytosis is important for Hh signaling, blocking
endocytosis should affect Hh target gene expression. Therefore,
we examined the expression of Ptc and dpp in ShiDN-expressing
clones. Within these clones, we observed a stabilization of Ptc at
both the apical and basal poles of the cells (arrows in Figures 5K
and 5L0), which can be attributed to the inhibition of Ptc degrada-
tion when Ptc is blocked at the cell surface (Torroja et al., 2004).
Furthermore, Ptc-containing vesicles were almost absent and
Ptc staining was diffuse at the plasma membrane. Interestingly,
the level of dpp expression was decreased in a similar manner toevelopmental Cell 14, 712–725, May 2008 ª2008 Elsevier Inc. 717
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Control of Morphogen Trafficking by Dally-likeFigure 4. GFP-Dlp-CD2 Displays a Dominant-Negative Effect on the Hh Pathway
(A–B00) Gof clones in wing imaginal discs for GFP-Dlp (A) and GFP-Dlp-CD2 (B) stained for dpp-LacZ (blue) and Ptc (red). Gof clones are marked by GFP.
(C–D0) ptc-Ga4 > UAS-GFP-Dlp, dlp20/dlp20 (C and C0) and ptc-Ga4 > UAS-GFP-Dlp-CD2, dlp20/dlp20 (D and D0 ) wing imaginal discs raised at 25C stained for
dpp-LacZ (red).
(E and F) Average dpp-LacZ (E) or Ptc (F) staining intensity plotted against the number of cells from the A/P boundary.
(G) Graph representing the number of Ptc-Hh-containing vesicles at the subapical level of Hh-receiving cells.
(H) Graph showing the V3-V4 over the total wing size ratio of dlp20 mutants or rescued animals (emerging from genotypes shown in [C] and [D]) compared to WT.
Only females were taken into account. n, number of discs/wings analyzed.
Overexpression of GFP-Dlp does not affect Hh target gene expression (A–A00 and F), whereas GFP-Dlp-CD2 overexpression impaired them (blue and red arrows
in [B]–[B00] and [F]). The expression levels and width of dpp-LacZ and Ptc are restored by expressing GFP-Dlp in Hh-receiving cells (C, C0, E, and F), but not by
expressing GFP-Dlp-CD2 (D, D0, E, and F). Overexpression of GFP-Dlp doubles the number of Ptc-Hh endocytic vesicles compared to WT (G) but GFP-Dlp-CD2
slightly decreased this number. Absence of Dlp reduced by 6-fold the number of Ptc-Hh-containing vesicles (G). Whereas GFP-Dlp-CD2 rescues neither the
number of Ptc-Hh vesicles in the wing pouch (G) nor the V3-V4 area of the wing (H) of the dlp mutant, GFP-Dlp does (G and H).718 Developmental Cell 14, 712–725, May 2008 ª2008 Elsevier Inc.
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Control of Morphogen Trafficking by Dally-likewhat is seen in GFP-Dlp-CD2-expressing clones (compare
Figures 4B0 and 5K00). Therefore, our results show that inhibition
of endocytosis blocks Dlp and Ptc at the cell surface and impairs
the full-strength activation of the Hh pathway.
The GPI Anchor of Dlp Is Required for Wg Internalization
but Not for Its Stabilization
To examine whether Dlp trafficking could also influence the
activity of other morphogens, we analyzed the effect of GFP-
Dlp and GFP-Dlp-CD2 on Wg behavior. Extracellular labeling
of Wg showed that both GFP-Dlp and GFP-Dlp-CD2 increased
Wg stabilization at the cell surface (Figures 6A, 6A0, 6C, and
6C0). Nevertheless, we did observe significant differences be-
tween the two constructs. Indeed, although Wg was stabilized
at the plasma membrane by GFP-Dlp, we also detected Wg in in-
tracellular vesicles colocalizing with GFP-Dlp, whereas we never
observed such Wg vesicles in GFP-Dlp-CD2 discs (Figures 6B,
6B0, 6D, and 6D0). Moreover, GFP-Dlp-CD2 induced a more
severe wing defect than GFP-Dlp (Figures S2B and S2D).
Accordingly, the short- and long-range target genes Senseless
(Sens) and Distalless (Dll), respectively, were severally impaired
in GFP-Dlp-CD2-overexpressing discs (Figures 6F–6F00). Con-
versely, GFP-Dlp overexpression, although somewhat affecting
Sens, did not disrupt the long-range expression of Dll. We some-
times even observed (46% of the discs, n = 26) a slight increase
in the range of Dll expression (Figures 6E–6E00). These data dem-
onstrate that Dlp stabilizes Wg at the cell membrane whatever its
membrane anchor (e.g., GPI or transmembrane peptide). Never-
theless, the GPI-tethered form of Dlp is required for the internal-
ization of Wg and its subsequent long-range signaling.
The GPI Anchor on Dlp Is Required for Wg Transcytosis
Our results encouraged us to look more closely at the role of Dlp in
Wg spreading and internalization. Extracellular labeling showed
Wg at the apical surface of producing cells and in the first four
to five rows of receiving cells (Figures 7E and 7F, V compartment).
Wg is also detected more than 20 cells away from its source at the
surface of the lateral compartmentplasma membrane (Figures 7G
and 7H, V compartment). Hence, our analysis suggests that Wg is
mainly apically secreted but, as previously shown, the long-range
spreading of Wg occurs along the lateral compartment of the disc
epithelium (Marois et al., 2006; Strigini and Cohen, 2000).
We wondered, however, how Wg could be located on the lat-
eral cell surface when it is secreted apically. One possibility is
that Wg is internalized from the apical surface of producing cells
and the first few rows of receiving cells, to be further secreted into
the extracellular space of the lateral compartment (transcytosis).
We therefore blocked Wg endocytosis by expressing ShiDN in
Wg-producing cells. Although the effects on Wg along the lateral
compartment were difficult to ascertain, Wg was strongly stabi-
lized at the apical surface of its producing cells as well as the
surrounding cells (Figures 7A–7B0), suggesting that a high level
of Wg is indeed internalized from the apical surface in those cells.
Because we showed that Dlp traffics from apical to basolat-
eral, we hypothesized that Dlp might be involved in the Wg trans-
cytosis. We ascertained this hypothesis first by looking at the
behavior of extracellular Wg in dlp20 mutant clones. In absence
of Dlp, Wg is no longer detected at the lateral surface of cells
away from the Wg source (Figures 7D and 7D0), as though DlpDwere needed for Wg trafficking to the lateral membrane. Apically,
no effect has been observed (Figures 7C and 7C0), likely because
of the activity of the Wg receptors that are known to endocytose
Wg from the apical surface (see Discussion).
We further confirmed the role of Dlp in Wg transcytosis by look-
ing at the behavior of extracellular Wg when either GFP-Dlp or
GFP-Dlp-CD2 was overexpressed in the D compartment of the
wing disc. GFP-Dlp increased the amount of Wg at the apical sur-
face of the producing cells, but it drastically reduced the level of
Wg detected at the apical surface of the neighboring receiving
cells of the same compartment (Figures 7E, 7E0, and 7I). The over-
expression of GFP-Dlp also increased the stability of Wg at the
plasma membrane of the lateral compartment (Figures 7G, 7G0,
and 7J).Taken together, these datasuggest thatDlp catalyzes api-
cal internalization of Wg, leading to its accumulation in the lateral
compartment. Conversely, Wg was efficiently stabilized at the api-
cal surface of both producing and receiving cells expressing GFP-
Dlp-CD2 (Figures 7F, 7F0, and 7I). Plot analyses of the fluorescent
intensity revealed that Wg stabilization was weaker at the lateral
side of these cells (Figures 7H, 7H0, and 7J). Therefore, blocking
Dlp internalization byswapping the GPI anchorwith the CD2 trans-
membrane domain strongly stabilized Wg at the apical surface
while decreasing the amount of Wg at the lateral compartment.
DISCUSSION
The Life Cycle of Dlp
Previous studies failed to observe Dlp at the apical surface of the
wing disc epithelium (Baeg et al., 2004; Kreuger et al., 2004)
despite the fact that it has been extensively shown in vertebrates
that GPI-linked proteins are mainly targeted to the apical surface
of epithelial cells (Chatterjee and Mayor, 2001). By performing
extracellular labeling and kinetic experiments, we demonstrated
that Dlp is targeted to the apical surface before being endocy-
tosed and readdressed to the basolateral compartment. Block-
ing endocytosis allowed us to demonstrate that apical surface
accumulation takes place at the expense of its basolateral loca-
tion, showing that Dlp is first targeted to the apical domain of the
epithelium before being sent to the basolateral compartment.
We show that the GPI anchor of Dlp is essential for its internali-
zation, as Dlp tethering by a transmembrane domain (e.g., GFP-
Dlp-CD2) abolishes its capacity to be internalized. We also
conclude that Dlp apical targeting followed by its rapid internal-
ization is essential for full Hh signal transduction and for shaping
the Wg gradient because when Dlp internalization is blocked,
both processes are impaired.
Interestingly, we observed a rescue of the first row of dlp
mutant cells by the wild-type surrounding cells. Two mecha-
nisms could explain this. (1) GPI-linked proteins are inserted in
the outer leaflet of the plasma membrane and are exposed to
the extracellular space. Dlp could interact with extracellular pro-
teins located in nearby cells that could aid in flipping Dlp from the
outer leaflet of the plasma membrane of one cell to the next. (2)
Dlp might be carried by argosomes, which are large extracellular
particles resembling low-density lipoproteins containing lipo-
phorins, esterified cholesterol, and triglycerides surrounded by
a phospholipid monolayer (Greco et al., 2001; Panakova et al.,
2005). These argosomes not only bear GPI-linked proteinsevelopmental Cell 14, 712–725, May 2008 ª2008 Elsevier Inc. 719
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able to travel over several rows of cells.
Dlp as an Hh Coreceptor
Whereas numerous data have clearly demonstrated the role of
the HSPG in Hh signaling through regulation of Hh stabilization,
movement, and reception (Lin, 2004), the function of Dlp in Hh
signaling remained unclear (Desbordes and Sanson, 2003; Han
et al., 2004b; Lum et al., 2003; Yao et al., 2006). In this study,
we clearly demonstrate that Dlp is exclusively necessary in Hh-
receiving cells for full-strength Hh signaling. We observed strong
colocalization of Ptc, Hh, and Dlp in endocytic vesicles in Hh-re-
ceiving cells. Ptc is probably responsible for the Hh/Dlp internal-
ization, because we were unable to detect Dlp-Hh-containing
endocytic vesicles in the absence of Ptc (Figure 3 and data not
shown). Overexpressing Dlp increased the number of Ptc-Hh-in-
ternalized vesicles, whereas absence or tethering Dlp at the cell
surface (e.g., GFP-Dlp-CD2) lowered the number of Ptc/Hh ves-
icles. Therefore, we can imagine that the presence of Dlp
increases Ptc-Hh internalization to elicit a high level of pathway
activation. Dlp could also stabilize Ptc/Hh within the intracellular
compartment, allowing a stronger and/or a longer signaling. The
role of Dlp is clearly different from other Hh coreceptors. Indeed,
already identified Hh coreceptors such as Ihog and Brother of
Ihog (Boi) (Cdo and Boc, respectively, in vertebrates) stabilize
Hh at the cell surface (Yao et al., 2006), whereas Dlp overexpres-
sion does not increase Hh binding on receiving cells in vivo (this
study) or in vitro (Yao et al., 2006).
We and others have demonstrated that Hh is apically se-
creted by wing disc epithelial cells (Callejo et al., 2006; Gallet
et al., 2006); however, the compartment by which target cells
receive Hh signal (e.g., apical, lateral, or basal) remains contro-
versial. Nevertheless, our data suggest that endocytosis from
the apical surface is necessary to sustain full-strength Hh sig-
naling because blocking endocytosis inhibits Dlp internalization
from the apical surface and decreases Hh signaling activation.
Moreover, we observed a colocalization between Hh and extra-
cellular Dlp at the apical side of Hh-receiving cells but not at the
basolateral part of the cell. We also showed previously that in
ptc mutant embryos, Hh accumulates at the apical side of re-
ceiving cells (Gallet and The´rond, 2005). Nevertheless, although
blocking endocytosis strongly stabilized Dlp at the apical cell
surface, it also stabilized Ptc at both poles of the epithelialDcells, raising the possibility that part of the signal transduction
occurs basally. Unfortunately, we were unable to see any Hh
accumulation at either pole of the receiving cells when endocy-
tosis was blocked. Hence, we favor a model in which Hh can
trigger its signal both basally and apically, where the apical
signaling is amplified by Dlp and is necessary for a full-strength
Hh signal.
Blocking endocytosis impairs Hh signaling both in embryos
(Gallet and The´rond, 2005) and in wing discs (this study). How-
ever, it has been previously published that inhibiting endocytosis
in imaginal discs using a thermosensitive allele of shi (shits) does
not impaired Hh signaling: Ci and collier (an Hh target gene) are
unaffected but Ptc is stabilized (Han et al., 2004b; Torroja et al.,
2004). How can we explain the differences with our data? It is im-
portant to note that the shi null allele is cell lethal; therefore, we
and others are forced to use either a dominant-negative or a shits
allele, which may not fully inhibit endocytosis. Accordingly, we
observed Ptc stabilization in only 30% of discs (n = 22), but
each time we observed such a stabilization, we also observed
a decrease of dpp expression. Increasing the level of ShiDN
expression increased the penetrance of the phenotype but
triggered lethality, making analysis difficult.
Role of Dlp in Wg Spreading and Stabilization
We demonstrate that Wg is mainly secreted via the apical pole of
producing cells. Strikingly, in those cells, Wg is strongly localized
in endocytic vesicles that are abundant apically (Greco et al.,
2001) but also in multivesicular endosomes (van den Heuvel
et al., 1989). Dlp overexpression decreases the level of Wg at
the apical surface of cells while increasing Wg stability along
their lateral compartment. Therefore, we propose that Wg is
secreted apically and is then endocytosed with the help of Dlp.
Once internalized, Dlp targets Wg by transcytosis to the lateral
compartment, where it is stabilized and can spread farther
away to activate long-range target genes.
Intriguingly, Dlp seems to play antagonistic roles in Wg signal-
ing. Although it inhibits Wg activity near the Wg source, it is also
necessary for Wg pathway activation far from the Wg source
(Franch-Marro et al., 2005; Kirkpatrick et al., 2004; Kreuger
et al., 2004). This functional duality is directly related to its pattern
of expression. Indeed, Dlp is expressed at low levels along the
Wg source (e.g., the D/V axis) owing to repression by the Wg
pathway itself (Han et al., 2005), whereas it is expressed at higherFigure 5. Rapid Endocytosis of GFP-Dlp from the Apical Surface of the Epithelium
(A–C0 ) WT wing discs stained by extracellular labeling for Dlp (red in [C]) and conventional Hh labeling (green in [C]).
(D–F0) ap-Gal4 > UAS-GFP-Dlp wing discs raised at 25C stained at 4C (D) or at 22C for 1 hr (E) and for 1 hr 30 min (F) for extracellular Dlp (red).
(G) Extracellular GFP-Dlp intensity plotted against the apicobasal axis of the disc epithelium.
(H–I0 and K–L0 ) ShiDN gof clones (marked by GFP) in wing discs raised at 18C stained for Dlp (red) by extracellular labeling (H–I0) and for Ptc (red, [K, K0, L, and L0])
and dpp-lacZ (blue, [K and K00]).
(J and J0) Gof clones for both ShiDN and GFP-Dlp stained for Armadillo (Arm, green) and GFP-Dlp (red). (C)–(F0), (I)–(J0), and (L)–(L0) are Z confocal cross-sections.
Dashed lines in (A)–(C0 ) delimit the A/P and D/V boundaries. Dashed lines in (H) and inset in (K0 ) mark the level where the Z confocal cross-sections, shown
respectively in (I)-(I0) and (L)-(L0), were done. Extracellular labeling reveals a strong localization of Dlp at both the apical (ap) and basal (bas) poles of the epithelial
cells (A–C0), whereas lateral (lat) staining is weaker (B). Extracellular Dlp and Hh colocalized at the apical surface of the epithelium (yellow arrows and inset in [C]).
At 4C, extracellular GFP-Dlp shows a strong localization at the apical surface of the disc epithelium (D, D0, and G). After 1 hr at 22C, extracellular GFP-Dlp
decreased at the apical surface (G) but is detected in internalized vesicles (circles in [E] and [E0]). Ninety minutes after shifting to 22C (F, F0, and G), GFP-Dlp
is weak at the apical surface and is mainly located basolaterally (bl). Blocking the dynamin-dependent endocytosis allows the accumulation of Dlp at the apical
surface ([H]–[J0] and arrows in [H0] and [I0 ]) at the expense of the basolateral compartment (arrowheads in [I0]). The Hh target genes are affected in ShiDN gof clones:
Ptc is stabilized (arrows in [K] and [K0]) and dpp-LacZ expression is decreased (dashed green line in [K] and [K00]). Only 30% of the mutant clones (n = 22) displayed
this phenotype. Ptc is stabilized at both the apical and basal poles of the epithelial cells (arrows in [L] and [L0]).evelopmental Cell 14, 712–725, May 2008 ª2008 Elsevier Inc. 721
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Control of Morphogen Trafficking by Dally-likeFigure 6. The GPI Anchor of Dlp Is Required for Wg Internalization and Long-Range Signaling
UAS-GFP-Dlp (A–B0 and E–E00) or UAS-GFP-Dlp-CD2 (C–D0 and F–F00) flip-out clones (A, A0, C, and C0) or driven by hh-gal4 (B, B0, D, and D0) or ap-Gal4 (E–E00 and
F–F00) raised at 25C. (A, A0, C, and C0) Extracellular Wg labeling; (B, B0, D, D0, and E–F00) conventional staining for Wg (red, [B] and [D]), or Sens (red) and Dll (blue, [E
and F]). Extracellular Wg is better stabilized at the surface of the plasma membrane of cell expressing GFP-Dlp-CD2 (arrows in [C] and [C0]) than in cells expressing
GFP-Dlp (arrows in [A] and [A0]). No internalized Wg is detected in GFP-Dlp-CD2-expressing cells (D and D0), whereas GFP-Dlp cointernalized with Wg (circles in
[B] and [B0]). The expression of the Wg target genes Sens (slightly reduced) and Dll (slightly increased) are weakly affected in the GFP-Dlp-overexpressing
compartment (E–E00) but are severely impaired in GFP-Dlp-CD2-overexpressing discs (F–F00). Dashed green lines marked the D/V border and red arrows indicate
the total absence of Sens staining.levels far from the Wg source. Our results could explain how Dlp
functions antagonistically in Wg signaling. The two Wg receptors
DFrizzled2 (Dfz2) and Arrow are involved in both the signal trans-
duction (Seto and Bellen, 2004) and the internalization of Wg,
mainly through the apical surface to shape its gradient by target-
ing Wg to the lysosome (Baeg et al., 2004; Han et al., 2005;
Marois et al., 2006; Piddini et al., 2005; Rives et al., 2006; Seto
and Bellen, 2006). Therefore, we propose that low Dlp-dependent
transcytosis of Wg in producing cells and neighboring ones
allows a high level of Wg at the apical surface and hence a strong
activation of the pathway. On the contrary, higher Dlp-dependent
transcytosis of Wg in more distant cells reduces both Wg path-
way activation and degradation, promoting Wg movement along
the basolateral compartment. Accordingly, we observed that, in
absence of dlp, extracellular Wg is absent from the lateral com-
partment of distant cells (see also Han et al., 2005).722 Developmental Cell 14, 712–725, May 2008 ª2008 Elsevier Inc.This model supposes that Dlp is able to internalize Wg inde-
pendently of the receptors DFz2 and Arrow. Interestingly, several
groups found some internalized Wg in the absence of the Wg
receptors Dfz2 and Arrow (Baeg et al., 2004; Piddini et al.,
2005; Rives et al., 2006). Moreover, Dlp overexpression stabi-
lizes Wg at the cell surface at the expense of short-range signal-
ing activity (our data) (Baeg et al., 2001; Giraldez et al., 2002; Han
et al., 2005), in accord with the fact that Wg must be endocy-
tosed by Dfz2/Arrow to promote strong signaling (Seto and
Bellen, 2006). Our results further support the view that Wg may
form two different complexes: on the one hand a Dlp-Wg com-
plex involved in Wg transcytosis and stabilization, and on the
other hand a DFz2-Arrow-Wg signaling complex that shapes
the Wg morphogen gradient and signals. Interestingly, when
GFP-Dlp-CD2 is overexpressed, although Wg is stabilized at
the apical surface over a very long range, where it should activate
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Control of Morphogen Trafficking by Dally-likeFigure 7. Dlp Stimulates Wg Transcytosis from Apical to Lateral Compartment
(A–G0) Gof clones for ShiDN (A–B0) (raised at 18C and marked positively by GFP) and lof clones for dlp20 (C–D0) (marked by the absence of GFP). UAS-GFP-Dlp
(E, E0, G, and G0) or UAS-GFP-Dlp-CD2 (F, F0, H, and H0) driven by ap-Gal4 raised at 25C. All discs were stained for extracellular Wg (red).
(I and J) Plot analysis using ImageJ and Excel software of extracellular Wg distribution in the selected square shown in (E0), (F0), (G0), and (H0). Dashed white (A–B0 )
and red (E0, F0, G0, H0, I, and J) lines indicate the D/V border. ShiDN clones encompassing Wg-producing cells increased the amount of Wg at the apical surface of
those cells (A and A0) but does not affect Wg spreading or stability along the lateral compartment (B and B0). In the absence of Dlp, extracellular Wg levels are
decreased along the lateral compartment of Wg-receiving cells four to five rows of cells away from the Wg-producing cells (arrows in [D] and [D0]). GFP-Dlp
overexpression decreased the range of extracellular Wg detection at the apical side of the epithelium (compare V and D compartments in [E] and [E0 ] and
blue line in [I]) and increased the level of extracellular Wg at the lateral compartment (compare V and D compartments in [G] and [G0], and blue line in [J]).
GFP-Dlp-CD2 overexpression strongly stabilized Wg throughout the apical surface of the disc epithelium ([F] and [F0 ] and red line in [I]). Conversely, the range
of extracellular Wg stabilization is shorter along the lateral compartment ([H] and [H0] and red line in [J]).Developmental Cell 14, 712–725, May 2008 ª2008 Elsevier Inc. 723
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ing and an absence of internalized Wg. Therefore, GFP-Dlp-CD2
may titrate Wg from its receptors and prevent internalization,
giving rise to both the stabilization of Wg and the inhibition of
the pathway. Under physiological conditions, Dlp targeting of
Wg to the lateral compartment supports its stabilization and
spreading at the expense of its internalization/degradation
from the apical surface by its receptors (Marois et al., 2006).
EXPERIMENTAL PROCEDURES
Fly Strains and Genetics
dlp20 (Franch-Marro et al., 2005), ptc16 (Strutt et al., 2001), and smoIIX43 (van
den Heuvel and Ingham, 1996) are null alleles. UAS-GFP-dlp was described
in Han et al. (2004b). UAS-GFP-dlp-CD2 (construct kindly provided by Steve
Cohen) (Kreuger et al., 2004) transgenic flies were obtained by germline trans-
formation. Several insertions were tested; two insertions on the second
chromosome and two on the third one were kept and gave similar results.
UAS-notum was described in Giraldez et al. (2002) and UAS-ShiDN (named
‘‘moderate level’’) in Moline et al. (1999). Loss-of-function clones in the wing
imaginal disc were performed as described in Xu and Rubin (1993). y w
hs-FLP; smoIIX43 FRT40A/ ubi-GFP FRT40A or y w hs-FLP; FRT42D ptc16/
FRT42D ubi-GFP L1 larvae were heat-shocked for 40 min at 37C. y w
hs-FLP; dpp-LacZ; dlp20 FRT2A/ubi-GFP FRT2A L1 larvae were heat-shocked
for 1 hr at 37C. Overexpressing clones in the wing imaginal discs were
obtained with the flip-out technique (Basler and Struhl, 1994) using the actin
> CD2 > Gal4 transgene recombined with a UAS-GFP transgene to mark the
clones or the abx > lacZ > gal4 transgene. Clones were induced by heat-shock-
ing L1 larvae at 37C for 10 min. Then larvae were allowed to grow at 25C until
L3 stage, except for UAS-ShiDN experiments which were kept at 18C. Rescue
experiments were obtained by crossing w; ptc-Ga4; dlp20 FRT2A/TM6c
females to w; dpp-lacZ; dlp20 UAS-GFP-dlp/TM6b or w; dpp-lacZ; dlp20
UAS-GFP-dlp-CD2/TM6b males. Recombinant chromosomes were obtained
by classical genetic techniques. Other stocks were obtained from the Bloo-
mington Stock Center.
Imaginal Disc Immunostaining and Image Capture
Immunostaining was performed as described in Gallet et al., 2006). Antibodies
were used at the following dilutions: mouse 4D9 monoclonal anti-En (Develop-
mental Studies Hybridoma Bank, University of Iowa; DSHB) at 1/1000
(ascites); mouse 4D4 monoclonal anti-Wg at 1/20 (DSHB); mouse N7A1
monoclonal anti-Arm at 1/100 (DSHB); mouse 13G8 monoclonal anti-Dlp at
1/100 (Lum et al., 2003) (DSHB); rat 2A1 monoclonal anti-Ci at 1/10 (Motzny
and Holmgren, 1995); rabbit ‘‘Calvados’’ polyclonal anti-Hh at 1/400 (Gallet
et al., 2003); guinea pig anti-Sens at 1/1000 (Nolo et al., 2000); mouse anti-
Dll at 1/500 (Duncan et al., 1998); monoclonal rabbit anti-b-gal at 1/500
(Cappel). Fluorescent secondary antibodies were used at 1/200 for Cy3-con-
jugated donkey anti-rat, Cy3- or Cy5-conjugated goat anti-mouse, and Cy3- or
Cy5-conjugated goat anti-rabbit (Jackson Laboratory). Extracellular labeling
was performed as described in Strigini and Cohen (2000) but live discs were
dissected and incubated in Schneider’s S2 medium with 10% serum and
then fixed in PIPES buffer. Incubation of live discs with anti-Dlp (1/10 dilution)
at 4C from 1 to 3 hr did not display any differences in their labeling. To monitor
GFP-Dlp endocytosis, discs were dissected at 4C. Then we added anti-Dlp
and shifted the live discs to 22C 30–90 min before fixation. Extracellular stain-
ing for Hh failed. Fluorescent images were obtained with a Leica Sp DMR
TCS_NT confocal microscope and processed using Adobe PhotoShop 7.0.
Images in Figures 1C–1F00, 2A–2D, 2E–2G0, 3A and 3A0, 4A–4F, and 6A–6F
are stack projections of four to eight views with a 250 nm step. Other images
are single stacks captured at the appropriate level (apical, subapical, or lateral)
as indicated in the images. Plot analyses were done using ImageJ software
and statistical analysis with Microsoft Excel software.
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